Recent work has suggested that seismic discontinuities might exist within the inner core (IC). Such boundaries could be caused by changes in the strength and orientation of anisotropy, by variations in the fraction of partial melt or by a solid-solid phase transition involving iron. In this work, we search for evidence of IC discontinuities with reflection seismology techniques that use precritical PKiKP waveforms as empirical source pulses. Because any phase reflected from an IC discontinuity will have a small amplitude, we develop a technique combining source and receiver stacks in the search. We perform resolution tests where we compare the data with synthetic waveform stacks created using generalized ray theory and appropriate attenuation operators. Our results show that the IC lacks a significant (impedance jump > 3 per cent), sharp (thickness <3-4 km), global discontinuity to depths of 800 km below the boundary with the outer core.
INTROD U C T I O N
Several recent studies have suggested the presence of seismic discontinuities within the solid inner core (IC). One scenario, based on the modelling of PKP waveforms at large epicentral distances, hypothesizes a boundary at a radius of 900-1000 km separating an upper isotropic layer from the anisotropic bulk IC (Shearer 1994; Song & Helmberger 1995; Creager 2000; Niu & Wen 2001; Ouzounis & Creager 2001) . In this case the discontinuity could be considered as an isotropic velocity jump for seismic waves travelling with nearly polar paths (Song & Helmberger 1998; Song & Xu 2002) . A second scenario, based on a combination of PKP travel times and normal mode data, hypothesizes a boundary related to an abrupt change in the orientation of anisotropy in the IC at a radius near 300 km (Ishii et al. 2002; Beghein & Trampert 2003) . For this case we might expect reflections from waves travelling at a variety of angles with respect to Earth's rotation axis, with some waves sensing an apparent velocity increase and others an apparent velocity decrease.
There are also at least three plausible mechanisms for generating a purely isotropic radial discontinuity within the IC. First, geodynamical modelling of IC growth predicts a thin crust-like region of low partial melt fraction at a depth of about 100 km beneath the inner core boundary (ICB) (Sumita & Yoshida 2003) . Second, it is possible that light elements within the IC induce a solid-solid phase change in iron (Lin et al. 2002) which could lead to a seismic discontinuity at a fixed pressure (depth). Third, there is evidence from studies of PKP waves for an abrupt change in attenuation near a radius of 600 km, possibly related to a change in the scale-length of IC heterogeneities .
In this work we search for evidence of IC discontinuities using methods from reflection seismology (Telford et al. 1976) . Our technique is similar to that used in geophysical prospecting except that we use earthquake generated pre-critical PKiKP waveforms as empirical source pulses. The methodology is basically a migration following the move-out curves of horizontal reflectors located below the ICB. The data have been recorded at the small-aperture array stations of the International Monitoring System (IMS), for which coherence based stacking methods can be used at high frequencies. At pre-critical distances most of the seismic energy incident upon the ICB is transmitted into the IC, and the signature of any structure within the IC may best be sought in the PKiKP coda ( Fig. 1) . At these distances (with a corresponding ray parameter ∼3-9 × 10 −3 s km −1 ) and the properties of the upper IC (radius ∼1100 km) the reflection coefficient mainly depends on the P-wave velocity and the density in virtually equal amount (Aki & Richards 2002) . Hence, there might be an anomaly in P-wave velocity balanced by an opposite change in density (as long as it is the same percentage) and go undetected by our technique, but we think this scenario is unlikely. Due to the expected small amplitude of waves reflected from a discontinuity below the ICB, we combine source and receiver stacks to enhance the post-PKiKP energy. We also generate stacks of ray-based synthetic seismograms to assess the resolution of our procedure, including the effects of uncertainty in the attenuation inside the IC.
DATA
We selected 124 pre-critical PKiKP waveforms from a previously developed set of approximately 300 data (Koper et al. 2003; Koper & Pyle 2004) . The PKiKP phases were originally identified based on time, slowness, frequency, and polarization characteristics. In this work, we chose the highest quality data requiring a signal to noise Figure 1 . Schematic geometry of ray paths used in this study. PKiKP is the direct reflection from the ICB, and PKIhIKP refers to a phase reflected from a hypothetical discontinuity located h km below the ICB.
ratio of approximately 3:1 in linear receiver stacks. The geographical distribution of the data is presented in Fig. 2 from 10
• to 50
• and the majority of the waveforms (67) came from the Australia array stations (ASAR and WRA). Most of the sources were small, deep earthquakes: 87 have depths greater than 50 km and 82 have magnitudes less than M w = 6.0. These factors lead to relatively simple source pulses, helping in the isolation of Earth structure effects. The focal mechanisms of the events show a slight preference for steeply plunging P-or T-axes, which aids in the excitation of PKiKP.
METH O D O L O G Y
For each source-receiver combination we visually inspected the data and eliminated obviously bad traces. Next, we filtered each trace using a two-pole Butterworth filter with corner frequencies of 1.0 Hz and 5.0 Hz. We then selected a time window of about 3 s that bracketed the PKiKP arrival on all of the array elements, re-sampled the traces to a time interval of 0.01 s with linear interpolation, and realigned them using cross-correlation. Finally, we did a simple linear sum to create a receiver stack, because this method introduces the least amount of waveform distortion.
We used two procedures to reduce unwanted source effects in the receiver stack. In the first procedure we formed the envelope function, removing the zero crossings that could lead to destructive interference in the source stacks. In the second procedure, we used the array averaged PKiKP waveform as an empirical source function and deconvolved it from the receiver stack. This was done using an iterative technique in the time domain (Ligorria & Ammon 1999) , with a Gaussian filter, which preserved the frequency The source depth is 67 km and the source-receiver distance is 34 • . The waveforms, from top to bottom, are: a single trace from the PDAR array, receiver stack using all the PDAR traces, envelope of the receiver stack, the deconvolved receiver stack, synthetic receiver stack for that event, and synthetic with random, Gaussian noise. Note the clear arrival after the PKiKP phase at 17 s, which corresponds to pPKiKP. The polarity of this phase is lost in the envelope but is retained in the deconvolved trace.
band previously selected. Note that this method will preserve the polarity of secondary phases, while the other will not. An example of these methodologies is presented in Fig. 3 . In this case a depth phase (pPKiKP) with a reversed polarity can clearly be seen arriving at 17 s after the PKiKP. Even though pPKiKP has a different slowness than PKiKP, it sums coherently in the receiver stack because the differential slowness is low and the array aperture is small. For the same reason, we can expect reflections coming from discontinuities within the IC to interfere constructively in the receiver stacks without the use of intra-array move-out corrections.
The resulting signal-to-noise ratio in the receiver stacks was too small to constrain reasonable models of IC structure. We decided to further increase this ratio by stacking the receiver stacks to create source stacks. For this purpose, we divided our data set into bins depending on the theoretical PKiKP ray parameter of each event.
In each bin we assigned the average ray parameter to all the traces included. Afterward, we calculated the move-out for each bin by computing the time difference between PKiKP and a later phase (PKIhIKP) reflected from a hypothetical discontinuity located h km below the ICB. At the corresponding move-out, we computed the mean value of the receiver stack for a time window of 1 s (in case we missed the exact arrival time, we still have the possibility of getting energy from the later phase). We tried several different time windows for the averaging (from 0.5 to 2.0 s) and retained the one that reflected the frequency content of the receiver stacks. Finally, we averaged over all the traces (creating the source stack) and computed the standard deviation. This process was repeated for discontinuity depths ranging from the ICB to 1150 km beneath, using 5-km increments, which corresponds to almost 1 s in time (see Fig. 4 ). In general, the energy from any depth phase is reduced because they do not add coherently for the PKIhIKP move-out. This follows from the wide variety of distances and depths among the sources.
RESU LT S
We considered several different IC models for generating the source stacks, varying the depth of the hypothetical discontinuity from the ICB to 1150 km below in increments of 5 km. The stacks for the deconvolved traces are shown in Fig. 4 , while the stacks for the envelopes are shown in Fig. 5 . We used a conservative measure to assess the likelihood of a PKIhIKP arrival: the stacked energy should be, at least, one time-averaged standard deviation over the zero level. In no case did we find significant energy present at the time appropriate for the candidate PKIhIKP. This was true for source stacks created with both types of modified receiver stacks. We also tried different geographical subsets of source stacks to test for the possibility of a regional discontinuity within the IC. We combined WRA with ASAR, ILAR with YKA, KSAR with CMAR, and PDAR with TXAR (Fig. 6) . No evidence for a PKIhIKP arrival was found in any of the subsets. Finally we repeated the search using slightly different frequency bands, including lower frequencies, but we obtained the same results.
To quantify the resolving power of our method we performed the same source stacking procedure on synthetic seismograms. We computed the synthetic receiver stacks for modified PREM models (Dziewonski & Anderson 1981) , using the generalized ray method (Helmberger 1983 ) plus the source mechanism information published in the Harvard CMT catalog, and applied attenuation with appropriate time domain operators (Futterman 1962) . We also added random, Gaussian noise with the average signal to noise ratio presented in the receiver stacks (3:1) (Fig. 3) . Examples of synthetic source stacks are presented in Fig. 7 for all the data and in Fig. 8 for only the polar data. We systematically varied the impedance contrast of the hypothetical discontinuity, as well as Q in the IC, to determine the maximum discontinuity depth that could generate an observable PKIhIKP signal. Our Q P values ranged from 450, taken from PREM (Dziewonski & Anderson 1981) , down to 225 similar to those reported in other studies (Song & Helmberger 1995; Niu & Wen 2001) .
A summary of resolvable depths for a global discontinuity, and a discontinuity sensed only by polar data, is presented in Table 1 . In this study we define as polar those ray paths making angles smaller than 35
• with respect to the Earth's rotation axis. We considered the discontinuity to be resolvable if the amplitude of the stacked PKIhIKP energy was outside of one time-averaged standard deviation from the zero level. Note that the maximum resolvable depth depends not only on the IC model, but also on the number of events included in each stack. Therefore, a global discontinuity can be ruled out to a greater depth than regional discontinuities.
Our data were recorded by short-period instruments, therefore they are sensitive to reflections from seismic 'discontinuities' with thickness less than 3 km. It is possible that more gradual variations might go undetected in the present study, but be visible at lower frequencies in other studies. We performed some computations to quantify the effect of a smooth transition (Brekhovskikh 1960) instead of a sharp discontinuity. Using appropriate reflection coefficients (Richards 1972) we find that any transition wider than 4 km will go undetected in our short-period data. It is also possible that reflections from layers close to the ICB may not be well separated from the main PKiKP phase, and so could be missed by our analysis, even if the layer is quite sharp. We carried out tests on this issue and found that anything shallower than 50 km beneath the ICB might be missed in the current study.
DISC U S S I O N
In the search conducted here, no coherent energy was found in the PKiKP coda. Therefore, it seems probable that the high frequency scattered energy reported as coming from the IC (e.g. Vidale & Earle 2000 or does not come from a preferred depth. This result can help us constraint proposed models for the structure in the deep interior of the Earth.
As mentioned earlier, Sumita & Yoshida (2003) proposed the presence of a crust-like region, followed by a low velocity zone, due to the changes in the partial melt fraction, a process associated to the viscous compaction of a solid matrix. Our results exclude the possibility of a sharp (less than 4 km) transition between the layers with different partial melt. This could be related to the viscosity in the IC and/or density change between the inner and outer core, which strongly influence this phenomena (Sumita et al. 1996) . Lin et al. (2002) speculate about the possibility of a phase transition inside the IC, probably associated to a fixed depth (fixed pressure). They argue that the bcc phase could be stable at inner core conditions if the percentage of light elements (e.g. Si, S or O) is larger than 5 per cent. They also suggest the possibility of having a mixture of Si-rich bcc phase and a Si-poor hcp phase in the IC. In either case, there should be a transition from bcc phase into bcc+hcp and/or bcc+hcp into hcp, in which the percentage of hcp will determine the level of anisotropy. According to our findings, the percentage of bcc should gradually decrease with pressure (depth) leaving only the anisotropic hcp phase for smaller radius.
Explaining the observed change in anisotropy, envisioned a change in the scale length of heterogeneities in the IC, going from few kilometres to tens of km. In case of having elongated structures, with their longest dimension aligned in a specific direction (forming a stratigraphic feature), this change would represent a sharp boundary. Our results exclude this possibility indicating either a random orientation or a more gradual transition. Envelopes of all waveforms arranged into ray parameter bins. The number of events included in each bin is shown at the bottom, while the dashed lines indicate the move-out for a theoretical discontinuity at the depth below the ICB indicated at the left. On the right is shown the final stack, with the dashed traces representing the mean plus and minus one standard deviation. Singh et al. (2000) proposed the presence of liquid in the IC as a possible explanation of the seismic observations. In their model, they considered elongated inclusions aligned with the polar axis, which should be detectable by our polar data. The authors suggest that these inclusions would be restricted to the upper few kilometres of the IC. The transition from partially melt IC to a pure solid, according to our results, would have to be broader than 5 km.
A special remark should be made with respect to the proposed transition from isotropy to anisotropy (Shearer 1994; Song & Helmberger 1995; Creager 2000; Niu & Wen 2001; Ouzounis & Creager 2001) due to the large interest in the community. Considering the anisotropy models proposed by Creager (1999) and Ishii et al. (2002) , we computed the apparent P-wave velocity increase sensed by our polar data obtaining 1.21 and 1.96 per cent, respectively. Even though this value is very small, is still within the range considered in our study, giving a depth of 600 km below the ICB in which we are able to resolve. Our findings confirm the previously speculated presence of a broader transition between isotropy and anisotropy (Ouzounis & Creager 2001) . Note that the maximum resolvable radius (∼600 km) is not small enough to let us resolve the proposed change in anisotropy in the innermost IC (Ishii et al. 2002) .
CONC L U S I O N S
Stacks of pre-critical PKiKP waveforms show no evidence for a coherent later arriving phase created by a discontinuity within the IC. Because of low Q in the IC the resolving power of the data decreases with depth; however, based on tests involving synthetic waveforms, we can rule out the existence of a global discontinuity to a radius of 400 km. The negative results are less restrictive on the existence of regional discontinuities because fewer data are included in the regional substacks. For instance, only 12 data have the polar paths required to sense a discontinuity related to an isotropy/anisotropy boundary in the upper IC. Nevertheless, in all the geographical regions sampled by our data we can rule out a significant discontinuity down to a radius of about 750 km.
Tentative evidence for a sharp seismic discontinuity within the inner core has previously been presented based on post-PKiKP energy recorded at one of the array stations used in this study (Souriau & Souriau 1989 ). However, a systematic search combining data from several events was not carried out, and we feel it is more likely that the observed energy was created by scattering from small wavelength heterogeneities within the IC. Evidence for such structures has recently been presented based on the observation of unusually large and long PKiKP coda ( al. 2004) . We emphasize that the results presented here are not inconsistent with such observations, but rather are inconsistent with the idea of simple radial discontinuity, such as the ICB itself, existing within the IC.
A C K N O W L E D G M E N T S
This work was supported by National Science Foundation under grants EAR-0229103 and EAR-0296078. We thank the prototype International Data Center for making the IMS array data available, as well as the Harvard CMT Project. Most of the figures were created using GMT (Wessel & Smith 1991) . . Synthetic waveforms with artificial noise for all data, arranged into ray parameter bins. The number of events included in each bin is shown at the bottom, while the dashed lines indicate the move-out for a theoretical discontinuity at the depth below the ICB indicated at the left. Synthetic waveforms were computed for the PREM model modified by an impedance contrast of 3 per cent located at 800 km below the ICB. In the figure at the right, we show the stack (solid line) and the mean plus and minus one standard deviation (dashed lines). This is an example of the smallest signal resolvable at this depth, using our criterion of plus or minus one time-averaged standard deviation. 
